Three chickpea rhizobial strains (CCBAU 83963 T , CCBAU 83939 and CCBAU 83908), which were identified previously as representing a distinctive genospecies, were further studied here and compared taxonomically with related species in the genus Mesorhizobium. Results from SDS-PAGE of whole-cell soluble proteins revealed differences from closely related recognized species of the genus Mesorhizobium. ; only Cicer arietinum, its host plant, could be invaded to form effective nitrogen-fixing nodules. The narrow spectrum of utilization of sole carbon sources, lower resistance to antibiotics, and NaCl, pH and temperature growth ranges differentiated these novel rhizobia from recognized species of the genus Mesorhizobium. Based on the data presented, the three novel rhizobial strains are considered to represent a novel species of the genus Mesorhizobium, for which the name Mesorhizobium muleiense sp. nov. is proposed. The type strain is CCBAU 83963 T (5HAMBI 3264 T 5CGMCC
; only Cicer arietinum, its host plant, could be invaded to form effective nitrogen-fixing nodules. The narrow spectrum of utilization of sole carbon sources, lower resistance to antibiotics, and NaCl, pH and temperature growth ranges differentiated these novel rhizobia from recognized species of the genus Mesorhizobium. Based on the data presented, the three novel rhizobial strains are considered to represent a novel species of the genus Mesorhizobium, for which the name Mesorhizobium muleiense sp. nov. is proposed. The type strain is CCBAU 83963 T (5HAMBI 3264 T 5CGMCC
T ).
Previously, the predominant symbiotic nitrogen-fixing bacteria associated with chickpea (Cicer arietinum L.) in Europe and in India have been classified as members of the genus Mesorhizobium, including Mesorhizobium ciceri, Mesorhizobium mediterraneum, Mesorhizobium amorphae, Mesorhizobium loti and Mesorhizobium tianshanense (Laranjo et al., 2004 (Laranjo et al., , 2008 L'taief et al., 2007; Maâtallah et al., 2002; Nandwani & Dudeja, 2009; Nour et al., 1994 Nour et al., , 1995 Rivas et al., 2007) . Similarly, 95 chickpea nodule isolates collected from alkaline soil in Xinjiang, China, in our previous study were identified as representing a novel Mesorhizobium genomic species closely related to Mesorhizobium temperatum, M. mediterraneum and Mesorhizobium robiniae based on genomic analyses, including BOX-PCR, 16S rRNA PCR RFLP, intergenic spacer PCR RFLP, multilocus sequence analysis (MLSA) and DNA-DNA hybridization (DDH) studies (Zhang et al., 2012) .
To determine the taxonomic status of these chickpea rhizobia, phenotypic characteristics, cross-nodulation tests, fatty acid profiles and other genetic information were further investigated and compared with related species in the current study. Based on the evidence from previous and the current study, these chickpea rhizobia are considered to represent a novel species of the genus Mesorhizobium.
In the present study, the bacterial strains were cultured at 28 u C on modified-yeast mannitol agar medium (Vincent, 1970) and all phenotypic tests in this study were determined by using M-YMA medium unless otherwise mentioned.
To confirm the phylogenetic relationships of the novel group of isolates, a maximum-likelihood phylogenetic tree ( Fig. 1) was reconstructed based on the 16S rRNA gene sequences (1317 nt) of representative strains of the novel group (CCBAU 83963 T , CCBAU 83939 and CCBAU 83908) and the type strains of recognized Mesorhizobium species by using the K2+G+I nucleic acid substitution model and 1000 bootstrap replicates in MEGA software version 5.05 (Tamura et al., 2011) . The three representative chickpea strains formed a unique lineage sharing 99.8 % 16S rRNA gene sequence similarity with the type strains of M. robiniae, M. mediterraneum and M. temperatum. This phylogenetic relationship was supported by MLSA of the housekeeping genes atpD (ATP synthase beta chain), recA (recombinase A) and glnII (glutamine synthetase II) (Zhang et al., 2012) , which has been widely used to differentiate rhizobial species (Martens et al., 2008; Vinuesa et al., 2005a, b) and the chickpea rhizobia in our previous study (Zhang et al., 2012) . Levels of MLSA similarity were 97.9-99.5 % among the three representative strains, which showed highest similarities to the type strains of M. temperatum (96.0-96.5 %), M. mediterraneum (95.0-95.6 %) and M. robiniae (94.0-94.7 %) (Zhang et al., 2012) .
To further reveal the relationships within the novel group and closely related members of the genus Mesorhizobium, SDS-PAGE of whole-cell proteins was carried out according to the method of Tan et al. (1997) . The electrophoretic profiles are shown in Fig. S1 available in IJSEM Online. Strains CCBAU83963 T , CCBAU83939 and CCBAU83908 had similar protein patterns, whereas they showed different profiles from recognized Mesorhizobium species, suggesting that the chickpea rhizobial group may represent a novel Mesorhizobium species.
Cellular fatty acid profiles are used to discern among Mesorhizobium species and to distinguish between related genera in the order Rhizobiales (Tighe et al., 2000) . Fatty acid methyl esters of strain CCBAU 83963
T together with the type strains of eight recognized Mesorhizobium species (Table S1 ) were prepared and separated according to the method described by Sasser (1990) and identified with the MIDI Sherlock Microbial Identification System (Sherlock licence CD v6.0), by using the TSBA6 database. Strains were cultured on M-YMA medium at 28 u C aerobically, and cells were harvested in the late exponential phase of Rate matrix
Proportion of invariable sites (I) = 0.766501893 Variable sites (G) Gamma distribution shape parameter = 0.639015883 et al., 2000) . Strain CCBAU 83963 T could be distinguished from recognized Mesorhizobium species by possessing the highest concentrations of C 19 : 0 cyclo v8c (44.88 %) and iso-C 17 : 0 (3.62 %) ( Table S1 ).
The polar lipids of strain CCBAU 83963
T were also identified, after cultivation in M-YM broth at 28 u C to late exponential phase. Polar lipids were extracted from about 200 mg wet cells according to Minnikin et al. (1984) and were separated by two-dimensional TLC by using chloroform/methanol/water (14 : 6 : 1, by volume) in the first dimension and chloroform/methanol/glacial acetic acid (13 : 5 : 2, by volume) in the second dimension. The following spray reagents were used for detection of phospholipids, aminolipids and glycolipids, respectively: molybdenum blue spray reagent (Dittmer & Lester, 1964) , ninhydrin (0.4 % in n-butyl alcohol saturated with distilled water, w/v; developed at 100 u C for 5 min) and anisaldehyde reagent [95 % ethanol/ concentrated sulfuric acid/anisaldehyde/glacial acetic acid (54 : 3 : 3 : 0.6, v/v), developed at 110 u C for 4-6 min]. Each spot was identified by comparing with the standard mixtures of polar lipids purchased from Sigma-Aldrich Co. or with the chromatogram of reference strain Mesorhizobium huakuii IFO 15243
T (Choma & Komaniecka, 2002) . Strain CCBAU 83963 T contained phosphatidylcholine, phosphatidylethanolamine and phosphatidylglycerol as major components, and an ornithine-containing lipid, phosphatidyl-N-dimethylethanolamine and cardiolipin as minor components (Fig.  S2 ). Phosphatidylethanolamine and ornithine-containing lipid were detected as the two main aminolipids when sprayed with ninhydrin reagent and heating to 100 u C for 5 min (Fig. S3) . No glycolipid was detected in strain CCBAU 83963
The phenotypic features of the novel isolates were determined and compared with those of the type strains of closely related Mesorhizobium species, according to the methods described by Wei et al. (2003) . The characteristics tested included the use of sole carbon and nitrogen sources, resistance to antibiotics, tolerance of NaCl, pH and temperature ranges for growth, reduction activity of H 2 O 2 and nitrate, and tolerance of 0.1 % Congo red and bromothymol blue. Cell motility was tested by using the hanging drop method (Suzuki et al., 2001) . Gram staining was determined by using a conventional method (Smibert & Krieg, 1994) . Catalase tests were carried out as described by Ohta & Hattori (1983) . Hydrolysis of starch, production of hydrogen sulfide (H 2 S) and Voges-Proskauer tests were determined as described by Smibert & Krieg (1994) . Distinctive features of the novel group are detailed in Table 1 and in the species description below. Strain CCBAU 83963
T showed distinct phenotypic characteristics, Utilization of sole carbon sources Calcium gluconate 2 2 2 2 2 + 2 + 2 Dulcitol 2 + 2 + + + + + + Inositol 2 + + + 2 + + + + Sodium pyruvate 2 + + + + + 2 + 2 Raffinose 2 2 + 2 2 + + + 2 Salicin 2 2 + 2 2 + + + + Sodium formate 2 + 2 + 2 + 2 2 2 Sodium D-gluconate 2 + 2 + 2 + 2 + + Sorbose 2 + 2 + 2 + + + 2 Soluble starch W 2 2 2 2 + 2 + 2 Vanillic acid 2 2 2 2 2 + 2 + 2 Glycine 2 2 2 2 2 + + + 2 2 2 2 2 + + + + + Ampicillin (50) 2 2 2 2 2 + + + + Chloromycetin (100) 2 2 2 2 + + + + + Chloromycetin (50) 2 2 2 2 + + + + + Erythromycin (300) + 2 + + 2 + + 2 2 Gentamicin (50) 2 2 2 2 2 + + + + Kanamycin sulfate (50) 2 + + + 2 + + 2 + Neomycin (100) 2 2 2 2 2 + 2 + + Neomycin (50) 2 + + 2 2 + + + + Spectinomycin (100) 2 2 + + 2 + 2 + 2 Spectinomycin (300) 2 2 + + 2 + 2 + 2 Spectinomycin (5) 2 + + + + + + + + Spectinomycin (50) 2 2 + + 2 + + + 2 Streptomycin sulfate (5) 2 + + + 2 + + + + Tetracycline (100) 2 2 2 2 + + + + + Tetracycline (50) 2 2 2 2 + + + + + Growth with/at: 1 % (w/v) NaCl 2 + + + + + + + + 2 % (w/v) NaCl 2 2 2 2 + + 2 + 2 pH 10 2 2 + + + + + + + 10 u C 2 2 + + 2 + + 2 2 37 u C 2 + + 2 + + + + + 60 u C (10 min) 2 2 + 2 2 + 2 2 2 Nitrate reduction 2 + + + + + + + 2 including utilization of sole carbon/nitrogen sources, resistance to antibiotics, NaCl and temperature for growth, and nitrate reduction compared with reference Mesorhizobium species (Table 1) .
In nodulation tests with the original host plant Cicer arietinum L., all of the chickpea isolates formed effective nitrogen-fixing nodules (Zhang et al., 2012) . Cross-nodulation was tested in Leonard jars filled with sterilized vermiculite moistened with N-free solution according to the standard procedure of Vincent (1970) . No nodules were induced on any of the legumes Medicago truncatula, Trifoliium pretense, Pisum sativum, Vicia faba, Phaseolus vulgaris, Astragalus propinquus, Glycine max or Vigna aconitifolia when inoculated with strain CCBAU 83963 T . Symbiotic gene sequences (nodC and nifH) of the novel chickpea rhizobial group (Zhang et al., 2012) were very similar to those of M. ciceri USDA 3378 T and M. mediterraneum USDA 3392 T , two well-studied species specifically associated with Ciceri arietinum.
DDH is a gold standard for the genomic delineation of bacterial species, especially for those sharing greater than 97 % 16S rRNA gene sequence similarity. To confirm the position of the novel group, DNA was extracted according to the method of Marmur (1961) . DDH was performed by using the thermal melting protocol of De Ley et al. (1970) between strain CCBAU 83963 T and each of the other two strains for the novel group. DDH was also carried out to compare strain CCBAU 83963
T with the type strains of all recognized Mesorhizobium species (except Mesorhizobium thiogangeticum, which shared ,97 % 16S rRNA gene similarity with strains in the novel group) ( Table 2) . Levels of DNA-DNA relatedness were 97. T and the other two strains in the novel group, and 15.28-50.97 % between strain CCBAU 83963 T and the type strains of recognized Mesorhizobium species (Table 2) , supporting the suggestion that the novel group represents a distinct species in the genus Mesorhizobium.
The DNA G+C content was determined by the thermal denaturation method (Mandel & Marmur, 1968) with DNA of Escherichia coli K-12 as standard. The DNA G+C content of the three representative chickpea strains varied from 60.6 to 61.2 mol%, values within the range for recognized members of the genus Mesorhizobium (59-64 mol%).
Given the current criteria for definition of novel rhizobial species (Graham et al., 1991; Wayne et al., 1987) , the novel chickpea rhizobia could be defined as representing a novel species of the genus Mesorhizobium, based on the consensus of all analyses in the present and previous studies. We therefore propose that the chickpea rhizobia represent a novel species of the genus Mesorhizobium, for which the name Mesorhizobium muleiense sp. nov. is proposed.
Description of Mesorhizobium muleiense sp. nov.
Mesorhizobium muleiense (mu.lei.en9se. N.L. neut. adj. muleiense of Mulei, the name of a county in Xinjiang, China, where the bacterium was isolated; this region is geographically protected for chickpea production).
Gram-negative, aerobic, motile, non-spore-forming rods, approximately 0.91-2.4060.46-0.61 mm. Colonies on M-YMA medium are circular, convex, white, opaque and usually have a diameter of 1-2 mm after 10-15 days at the optimal temperature of 28 u C. Growth is inhibited at 4, 10 and 37 u C or by treatment at 60 u C for 10 min. Growth occurs at pH 6-9 (optimum, pH 6-8). Produces acid on M-YMA medium containing 0.1 % bromothymol blue. Grows on M-YMA in the presence of neomycin, kanamycin sulfate, gentamicin, chloromycetin or tetracycline (each at 5 mg ml 
